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W I N D  TUNNEL CALIBMTION O F  THE "ARCASONDE 1 - A "  

AT SIMULATED ALTITUDES BETWEEN 35 AND 57 KM 

By E. L. Haak and R. A. Noreen 
Univers i ty  of Minnesota 

SUMMARY 

Resul ts  of tes ts  conducted w i t h  a f u l l - s i z e  
Arcasonde 1-A"  atmospheric temperature sensing u n i t  i n  

a low dens i ty  subsonic wind tunnel  a r e  presented .  The 
u n i t  cons i s t ed  of a 0.25 mm (0.010 i n . )  t he rmis to r  bead 
mounted on a s tandard "Arcasonde" instrument package. 
Equilibrium temperatures of the thermis tor  bead were 
measured f o r  Mach numbers from 0 .1  t o  0.3, and Knudsen 
numbers from 0.04 t o  0.8 i n  an a i r s t r eam t o t a l  tempera- 
t u r e  w i t h  angle  of a t t a c k  and response t i m e  t o  a s t e p  
change i n  temperature were a l s o  measured a t  t h e  same flow 
cond i t ions .  

!I 

INTRODUCTION 

The "Arcasonde l - A  i s  c u r r e n t l y  being used t o  
measure atmospheric temperature a t  high a l t i t u d e s .  It i s  
c a r r i e d  a l o f t  on a n  Arcas rocket and descends through the 
atmosphere suspended on a parachute.  The r e s i s t a n c e  of 
t he  the rmis to r  bead, a func t ion  of temperature, i s  t e l e -  
metered back t o  E a r t h  during t h e  descent using on-board 
e l e c t r o n i c s .  Although t h e  resis tance- temperature  r e l a t i o n -  
s h i p  of a p a r t i c u l a r  bead is ,  o r  can be, accu ra t e ly  d e t e r -  
mined w i t h  no r e l a t i v e  motion between the a i r  and the  

atmospheric temperatures obtained from ind ica t ed  bead 
temperatures can be made by determining the  e f f e c t s  of 
r e l a t i v e  motion between t h e  a i r  and the  bead. I n  t h i s  
s tudy some of t hese  aerodynamic e f f e c t s  have been esta- 
b l i shed  i n  a low dens i ty  subsonic wind tunnel  a t  pressures  
and v e l o c i t y  condi t ions  i d e n t i c a l  t o  those  encountered 
by the sonde during descent .  The aerodynamic e f f e c t s  
i n v e s t i g a t e d  were t h e  thermis tor  bead equi l ibr ium tempera- 
t u r e  f o r  a given a i r s t r e a m  temperature and ve loc i ty ,  the 
change i n  t h i s  equi l ibr ium temperature w i t h  angle  of a t t ack ,  
and t h e  response time of t h e  bead t o  a s t e p  change from 
an  e leva ted  temperature t o  a i r s t r e a m  temperature.  

' bead, an improvement i n  the accuracy and r e l i a b i l i t y  of 

Figure l a  shows the  e n t i r e  nose cone as i t  i s  
suspended, bead down, beneath t h e  parachute.  The thermistor  



bead which i s  about 0.25 mm (0.010 i n . )  i n  diameter s tands  
o f f  the mylar mount on i t s  lead  wires  (F ig  l b ) .  

of M r .  George Greene, NASA Langley Research Center, and 
P ro f .  H .  G.  Heinr ich and M r .  D .  J .  Horn, Universi ty  of 
Minnesota, i n  the accomplishment of t h i s  study. 

The au thors  wi sh  t o  acknowledge the co-operation 

SYMBOLS 
B 

A + T + C  A,B,C cons tan ts  i n  thermis tor  equat ion R = e 

D the t y p i c a l  l eng th  

K Knudsen nmber ,  o r  1 . 2 6 f l M / R e  
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P pressure  

AP 
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'T 'S 
temperature ( " C  o r  O F )  

recovery f a c t o r ,  TE - TS 
TT - TS 

temperature ( " C  o r  O F )  

recovery f a c t o r ,  TE - TS 
TT - TS 

r e s i s t a n c e  

Reynolds number based on nominal bead diameter 

angle  of a t t a c k  

r a t i o  of s p e c i f i c  hea t s  

mean f r e e  pa th  of t h e  gas molecules 

response time 

t h e  e r r o r  i n  a measured or derived quan t i ty  

Subsc r ip t s  : 

E equi l ibr ium condi t ions  

S s t a t i c  condi t ions  

T t o t a l  o r  s t agna t ion  condi t ions 

I i n i t i a l  condi t ions  
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CALIBMTION APPARATUS AND PROCEDURE 

I n  o rde r  t o  (1) provide an ins t rumenta t ion  
check-out, ( 2 )  v a l i d a t e  e x i s t i n g  the rmis to r  c a l i b r a t i o n s ,  
and (3)  e s t a b l i s h  an e l e c t r i c a l  c u r r e n t  l e v e l  which does 
not  produce a measurable s e l f - h e a t i n g  e f f e c t ,  the  the r -  
mi s to r s  were bench c a l i b r a t e d  a g a i n s t  a p r e c i s i o n  mercury- 
i n - g l a s s  thermometer a t  room pressure  i n  a closed conta iner .  

Apparatus 

Figure 2 i s  a schematic of the c i r c u i t  used for 
measuring t h e  r e s i s t a n c e  of the the rmis to r  beads. By 
us ing  t h e  136 v o l t  b a t t e r y  and t h e  l a r g e  r e s i s t a n c e s  i n  
s e r i e s ,  an  extremely s table  cu r ren t  could be maintained 
through the the rmis to r .  T h i s  cu r ren t  w a s  s e t  by rep lac ing  
t h e  the rmis to r  w i t h  a r e s i s t a n c e  of known value and ad- 
j u s t i n g  the vol tage  drop across  i t .  The d i f f e r e n t i a l  v o l t -  
meter w a s  a f i v e  d i g i t  type,  capable of reso lv ing  10 micro- 
v o l t s  o r  1 ohm of bead r e s i s t a n c e  w i t h  a 10 microamp 
c u r r e n t  

Figure 3 shows the  bench c a l i b r a t i o n  appara tus .  
The beads were placed wi th in  a brass cup which w a s  i n  t u r n  
placed i n  a Styrofoam i n s u l a t i n g  con ta ine r .  A p a r t i a l  
immersion type mercury-in-glass thermometer w a s  i n s e r t e d  
through the  cover and provided the  re ference  temperature 
measurement. Although t h i s  system could not be  expected 
t o  provide s table  temperatures throughout a wide  range, 
the room temperature range w a s  of primary i n t e r e s t  i n  t h i s  
s tudy and i n  t h i s  a r e a  the system was q u i t e  adequate. 
Using hea t ing  tapes  wrapped around the  brass cup ,  tempera- 
t u r e s  up t o  65Oc (150°F) were obtained, and by removing 
t h e  tapes and p l ac ing  i c e  water i n  the conta iner ,  po in ts  
near  0°C could be obtained.  

Ca l ib ra t ion  Resul ts  

Se l f -hea t ing . -  I n i t i a l  r e s i s t a n c e  measurements 
were made with bead c u r r e n t s  of 0.5, 5, and 10 rnicroamps, 
which, w i t h  a bead r e s i s t a n c e  of about 10K ohms, cor re-  
spond t o  power d i s s i p a t i o n s  of 0.0025, 0.25, and 1 micro- 
watts. Resul ts  of t hese  measurements showed i d e n t i c a l  
r e s i s t a n c e  values  f o r  t h e  t h r e e  bead c u r r e n t s  a t  any 
given temperature i n d i c a t i n g  that e l e c t r i c a l  cu r ren t s  of  
t h i s  magnitude do not  cause r e s i s t i v e  hea t ing  i n  t h e  
the rmis to r .  A 10 microamp c u r r e n t  was used f o r  subsequent 
t e s t s ,  s ince  the h igher  cu r ren t  e s s e n t i a l l y  gives  an i n -  
creased s e n s i t i v i t y  i n  the vol tage  measurement. 
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Bead r e s i s t a n c e  and temperature.-  The thermis tors  
used i n  th i s  s tudy were suppl ied by t h e  sponsoring agency 
along w i t h  c a l i b r a t i o n  curves which were e s t ab l i shed  by 
the manufacturer.  These c a l i b r a t i o n  curves were der ived 
from measurements of  temperatures and r e s i s t a n c e s  a t  35", 
O o ,  -25O, and - 6 5 " ~ .  A "standard thermis tor  curve'' was 
then  drawn through these f o u r  p o i n t s .  A f t e r  i n i t i a l  
bench c a l i b r a t i o n  showed a 
w i t h  the furn ished  data a t  
cons t an t s  i n  the equat ion 

discrepany of 0.5"C o r  g r e a t e r  
room temperature (-22"C), t h e  

B 
R =  e A + T + C  

were re-evaluated using the manufacturer Is c a l i b r a t i o n  
p o i n t s  a t  35", O o ,  and -25OC. With these  cons tan ts ,  a 
new c a l i b r a t i o n  curve was constructed by c a l c u l a t i n g  
r e s i s t a n c e  values  f o r  0.5"C temperature i n t e r v a l s .  A 
comparison of  the  bench c a l i b r a t i o n  d a t a  w i t h  t he  recon- 
s t r u c t e d  c a l i b r a t i o n  curve f o r  bead No. 4418 (F ig  4)  shows 
e x c e l l e n t  agreement throughout t he  t e s t  range. Using t h e  
same procedure f o r  bead N o .  44-17 gave agreement s i m i l a r  
t o  t ha t  shown i n  F ig  4 .  Th i s  procedure, however, w a s  not 
s a t i s f a c t o r y  f o r  t he  t h i r d  bead No. 4955, suggest ing tha t  
perhaps one of  t h e  manufac turer ' s  c a l i b r a t i o n  po in t s  was 
i n  e r r o r .  Therefore,  i t  was c a l i b r a t e d  aga ins t  t h e  
thermometer and bead No. 4417 through t h e  room temperature 
range. 

Ca l ib ra t ion  Error  

An e r r o r  a n a l y s i s  f o r  t h i s  c a l i b r a t i o n  procedure 
i s  contained i n  Appendix A .  From t h e  r e s u l t s  of t h i s  
a n a l y s i s  and i n  view of t h e  agreement w i t h  t he  manufac- 
t u r e r ' s  c a l i b r a t i o n s ,  t he  maximum poss ib l e  c a l i b r a t i o n  
e r r o r s  appea r  t o  be less than 0 . 1 O C .  

WIND TUNNEL STUDIES 

The aerodynamic e f f e c t s  i nves t iga t ed  i n  the low 
dens i ty  wind tunnel  were the equi l ibr ium temperature of 
t h e  the rmis to r  bead, TE, f o r  a given a i r s t r e a m  temperature, 
the v a r i a t i o n  i n  TE w i t h  angle  o f  a t t a c k , m  and the 
response t i m e ,  7 ,  of t h e  bead of  a s t e p  change i n  
temperature a l l  as a func t ion  of v e l o c i t y  and pressure  
l e v e l .  T h i s  s e c t i o n  desc r ibes  the wind tunnel ,  apparatus ,  
and t e s t  procedures f o r  the  t h r e e  types of t e s t s  conducted. 
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The Low Density Wind Tunnel 

The continuous flow low dens i ty  wind tunnel  i s  
shown i n  F ig  5. It i s  a closed c i r c u i t  ho r i zon ta l  r e tu rn  
type,  capable of opera t ing  a t  Mach numbers up t o  0.9 and 
a t  reduced speeds w i l l  opera te  a t  pressures  down t o  0.25 
t o r r .  The tunnel  has an open-jet  t e s t  s e c t i o n  w i t h  var ious 
interchangeable  subsonic nozzles  f o r  gross  changes i n  a i r  
speed, w i t h  f i n e r  adjustments i n  v e l o c i t y  made using a 
b u t t e r f l y  t h r o t t l i n g  valve loca ted  on t h e  downstream s i d e  
of t he  d r iv ing  compressor. The tunnel  l eak  r a t e  of 0 . 1  
torr/min i s  s u f f i c i e n t l y  s m a l l  t o  allow quasi-s teady s t a t e  
opera t ion  without vacuum punpoperation at  any bu t  t h e  
lowest p re s su res .  True s teady  s ta te  condi t ions  a r e  ob- 
t a ined  by balancing t h e  pumping rate with the  l eak  rate 
a t  a p a r t i c u l a r  pressure .  I n  t h i s  t e s t  s e r i e s ,  the 
vacuum pump w a s  opera t ing  f o r  da t a  po in t s  a t  pressures  
of 1 t o r r  and below. 

While the  a i r  p ressure  and airstream v e l o c i t y  
can be con t ro l l ed ,  t h e  a i r s t r e a m  temperature cannot. , 

During t h e  i n i t i a l  evacuat ion of the  tunnel  c i r c u i t  f rom 
l o c a l  atmospheric pressure ,  t h e r e  i s  a r a p i d  decrease i n  
a i r  temperature from room temperature t o  below O ° C  caused 
by the expansion of t h e  a i r  wi th in  t h e  tunnel .  A f t e r  
passing t h e  maximum pumping r a t e ,  the a i r  i n  t h e  tunnel  , 

begins warming nea r ly  as r ap id ly  because of conductive 
hea t  t r a n s f e r  from the  a i r  i n  the  room and t h e  s t e e l  tun- 
n e l  walls. The tunnel  can be evacuated from l o c a l  atmos- 
phe r i c  pressure  t o  minimum pressure  i n  15 minutes; by t h i s  
time t h e  a i r  temperature has cooled and returned t o  w i t h -  
i n  -2°C of room temperature,  and a f te r  about 30 minutes 
t h e  a i r  i n  the  tunnel  has returned t o  equi l ibr ium wi th in  
0 . l o C  of t h e  tunnel  w a l l  temperature.  Subsequent evacua- 
t i o n s  from pressures  of 10 t o r r  or less  t o  minimum pres- 
su re  produce temperature changes of l e s s  than 0.5"C and 
a i r  temperature r e tu rns  t o  w a l l  temperature i n  l e s s  than 
f i v e  minutes.  Thus a f t e r  an i n i t i a l  evacuation and 
s u f f i c i e n t  delay t o  reach equi l ibr ium, the  a i r  temperature 
i s  e s s e n t i a l l y  constant  a t  w a l l  temperature,  

The previous d i scuss ion  d e a l t  w i t h  prel iminary 
"no-flow" temperatures,  t h a t  i s ,  t h e  d r iv ing  compressor 
was not  opera t ing  and t h e  a i r  was not  being forced  around 
the tunnel  c i r c u i t .  I f ,  a f t e r  t h e  i n i t i a l  evacuation and 
delay t o  reach equi l ibr ium, t h e  dr iv ing  compressor i s  
s tar ted and flow es t ab l i shed ,  t h e  airstream temperature 
i s  wi th in  0.5"C of  w a l l  temperature.  For pressures  i n  
t h e  range of i n t e r e s t  f o r  t h i s  study, t h i s  a i r s t r eam 
temperature then  inc reases  a t  about 0.2°C/hour due t o  t h e .  
f r i c t i o n a l  hea t ing  of t h e  moving a i r .  
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I n  summary then, t h i s  f a c i l i t y  provides a con- 
t r o l l e d  s teady  s t a t e  v e l o c i t y  and pressure  and when pro- 
p e r l y  operated,  a reasonably s teady  a i r s t r eam temperature 
i s  a v a i l a b l e .  

Thermistor Equilibrium Temperature 

The ob jec t ive  of t h i s  phase of t e s t i n g  was t o  
determine the  bead equi l ibr ium temperature i n  the  Mach 
number range from 0.10 t o  0.30 f o r  a l t i t u d e s  between 
48,750 m (160,000 f t )  and the maximum a l t i t u d e  a t t a i n a b l e  
i n  t h e  wind tunnel .  The r e l a t i o n s h i p  between thermis tor  
equi l ibr ium and a i r s t r e a m  temperatures i s  convent ional ly  
expressed i n  terms of recovery f a c t o r ,  r, where 

and t h e  d i f fe rence  between t o t a l  temperature, TT, and s t a t i c  
temperature, Ts, i s  an e s t ab l i shed  func t ion  of the a i r -  
stream Mach number ( R e f  1). 

Figure 7a i s  a photograph of the t e s t  s e c t i o n  and i n s t r u -  
mentation while F ig  7b i s  a close-up o f  t he  t e s t  s e c t i o n  
i n t e r i o r .  The f u l l - s c a l e  "Arcasonde" without t he  
b a t t e r y  pack was suspended i n  t h e  flow. Mass flow re-  
quirements of t h e  wind tunnel  opera t ion  d i c t a t e d  a nozzle 
w i t h  a 5 i n .  e x i t  diameter,  hence, t he  l a r g e  blockage 
from t h e  sonde could not  be avoided. However, i t  i s  
not  f e l t  tha t  t h i s  was severe ly  r e s t r i c t i v e  s i n c e  the  re-  
gion of primary i n t e r e s t  was the  immediate a r e a  around 
t h e  bead, The open-jet  design allows t h e  flow t o  expand 
around t h e  nose cone maintaining s a t i s f a c t o r y  flow a t  t he  
bead and mount. To determine Mach number, t o t a l  p ressure  
was measured on a Stokes po r t ab le  McLeod gage and the  d i f -  
fe rence  between t o t a l  and s t a t i c  pressures  w a s  measured 
w i t h  a MKS Baratron d i f f e r e n t i a l  p ressure  sensor .  One 
of t h e  thermis tor  beads was placed i n  t h e  near  s tagnat ion  
region upstream of  t h e  nozzle (F ig  6 )  and used f o r  a 
t o t a l  temperature sensor .  The two bead r e s i s t ances  were 
measured simultaneously i n  exac t ly  the  same manner as 
descr ibed i n  t h e  s e c t i o n  on c a l i b r a t i o n  apparatus and 
procedure. 

Figure 6 shows the wind tunnel  i n s t a l l a t i o n .  

The reasons f o r  using a thermis tor  bead f o r  a 
t o t a l  temperature sensor  must be explained, s ince  a t  f i r s t  
glance i t  appears that  the  i tem t o  be  c a l i b r a t e d  was used 
as a re ference .  A t  t h e  s t a r t  of t h i s  i nves t iga t ion ,  t o t a l  
temperature w a s  t o  be measured i n  the  flow downstream of 
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t h e  nozzle e x i t  w i t h  a conventional t o t a l  temperature 
probe, which had t h e  normal sh i e ld ing  and produced a near  
s t agna t ion  region around a small thermocouple element. 
Such a probe was c a l i b r a t e d  along w i t h  the beads, i n -  
s ta l led i n  the tunnel  and prel iminary t e s t s  made; r e s u l t s  
were t o t a l l y  unacceptable and inexp l i cab le .  A f t e r  con- 
s i d e r a b l e  d i f f i c u l t y ,  experimentation, and e l imina t ion  
of var ious poss ib l e  causes of t h e  e r r o r s ,  i t  was con- 
cluded that  the response time of t h i s  r e l a t i v e l y  massive 
probe a t  pressures  below 5 t o r r  was much longer  than t h e  
ra te  of change of t h e  wind tunnel  a i r  temperature. 

The  p o s s i b i l i t y  of designing and cons t ruc t ing  
a conventional sh ie lded  t o t a l  temperature probe w i t h  a 
s u f f i c i e n t l y  sho r t  response time was ru led  out ,  s i n c e  
t h i s  new probe would requi re  response c h a r a c t e r i s t i c s  
s imilar  t o  those  of t he  t e s t  thermis tor .  The only reason- 
a b l e  method of measuring reference t o t a l  temperature, 
where t h e  response time w a s  assuredly  sho r t ,  was to  place 
one o f  the  thermis tor  beads upstream of the  nozzle .  Con- 
s i d e r i n g  the  a r e a  r a t i o  of the nozzle, the  maximum 
v e l o c i t y  upstream of the t e s t  s ec t ion  f o r  these  t e s t s  i s  
i n  the o r d e r  of 20 f p s .  A t  t h i s  ve loc i ty ,  the d i f f e rence  
between t o t a l  and s t a t i c  temperature i s  less than  0.03"C. 
I n  view of t h i s  s m a l l  d i f f e rence ,  a probe without any 
type of s t agna t ion  producing shroud placed upstream of 
the nozzle would provide a s u f f i c i e n t l y  accu ra t e  measure- 
ment of t o t a l  temperature i f  i t s  response time w a s  sho r t  
enough. Therefore, one of t he  thermis tor  beads was used 
s i n c e  i t s  response time was considerably s h o r t e r  than any- 
t h i n g  e l s e  a v a i l a b l e .  

Change i n  Angle of Attack 

The "Arcasonde" without t h e  b a t t e r y  pack was 
mounted on a motor dr iven ,  remotely operated r o t a t i n g  
mechanism (F ig  8 ) .  The sonde w a s  pos i t ioned  on t h i s  device 
such that  the  thermis tor  bead was on the  wind tunnel  cen ter -  
l i n e  and a l s o  on t h e  a x i s  of r o t a t i o n  of  t h e  system. Thus, 
t h e  bead remained a t  approximately t h e  wind tunnel  cen ter -  
l i n e  f o r  a l l  angles of a t t a c k .  

Test  data w a s  taken a t  wind tunnel  pressure  
l e v e l s  of 0.25, 0.50 and 1.00 t o r r  w i t h  angles of 
a t t a c k  of 0, +loo, 20" and 30". The angle of a t t a c k  
w a s  var ied  thToughout the  range seve ra l  t imes.  The angle  
s e t t i n g s  were obtained by viewing the angle i n d i c a t o r  
through the t e s t  s e c t i o n  window and opera t ing  t h e  mechanism 
by remote c o n t r o l .  Therefore, the  e n t i r e  s tudy was per- 
formed without i n t e r r u p t i o n  f o r  mechanical changes o r  
changes i n  wind tunnel  pressure  l e v e l .  
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T i m e  Constant S tudies  

An eva lua t ion  of the t i m e  required f o r  the  bead 
t o  respond t o  a change i n  a i r  temperature i s  needed t o  
determine the t i m e  required f o r  the bead t o  reach e q u i l i -  
brium temperature after the p r o t e c t i v e  nose cone i s  
separated from the  instrument package, and t o  e s t a b l i s h  
the c a p a b i l i t y  of the thermis tor  t o  sense v a r i a t i o n s  i n  
atmospheric temperature.  In these tes ts  t h e  thermis tor  
and upper end of the sonde were t o t a l l y  enclosed i n  a 
wind shield which contained e l e c t r i c a l  hea t ing  elements. 
The e l e c t r i c a l  heater-air s h i e l d  (Fig 9 

s i d e .  Each half of the heater had a support  beam which 
pivoted a t  bear ings  mounted on the cover of the angle  of 
a t t a c k  changing mechanism, allowing each half of the 
h e a t e r  t o  be r o t a t e d  out  of t h e  flow independently.  The 
h e a t e r  halves  were then held together aga ins t  the tens ion  
of r e t r a c t i n g  sp r ings  by a f i n e  high resistance wire which 
was d i s i n t e g r a t e d  e l e c t r i c a l l y  a t  t es t  i n i t i a t i o n .  I n  a 
t y p i c a l  t e s t  sequence, the wind tunnel  was adjus ted  t o  
the desired v e l o c i t y  and pressure  l e v e l  and the thermis tor  
output  was monitored u n t i l  i t  ind ica t ed  a s teady  tempera- 
t u r e  approximately 40°C above ambient condi t ions,  a t  which 
time the t e s t  was i n i t i a t e d  by burning the r e s t r a i n i n g  
wire. The t r a n s i e n t  output  from t h e  thermis tor  was f ed  
through a DC a m p l i f i e r  which replaced the  d i f f e r e n t i a l  
vol tmeter  i n  t h e  r e s i s t a n c e  measuring c i r c u i t  and w a s  
recorded on a l i g h t  beam osc i l lograph ,  giving a continuous 
t r a c e  of bead r e s i s t a n c e  w i t h  t i m e ,  a f te r  t h e  heated bead 
had been exposed t o  the flow. T i m e  constant  determinat ion 
t e s t s  were conducted a t  Mach numbers of 0.1, 0.2, and 0.3 
a t  pressures  of 0 . 3 ,  0,5, and 1 .0  t o r r  a t  each Mach number. 

was a s p l i t  brass 
cup w i t h  Nichrome wire h e a t e r s  and i n s u  1 a t i o n  on the out- 

I n  e a r l i e r  t e s t s ,  i t  w a s  established by high 
speed motion p i c t u r e s ,  2,000 frames/sec, t h a t  the  lapsed 
t i m e  f o r  the heater shroud r e t r a c t i o n  was 0.025 sec .  o r  
less.  I n  view of the thermis tor  response times sho 
i n  the  next  s ec t ion ,  t h i s  t i m e  increment i s  considered 
n e g l i g i b l e .  

RESULTS 

Thermistor Equilibrium Temperature 

A l l  a c t u a l  t e s t  data i s  presented i n  Fig 10 and 
t abu la t ed  i n  Appendix B w i t h  TT - TE? the d i f f e rence  be- 
tween t h e  measured temperatures,  as a func t ion  of s t a t i c  
pressure  or a l t i t u d e .  These a l t i t u d e s  and a l l  o the r s  i n  
t h i s  r epor t  a r e  based on t h e  pressure  and geometric 
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a l t i t u d e  r e l a t i o n s h i p s  t abu la t ed  i n  R e f  2, and they have 
been included f o r  re ference  only.  Since i n i t i a l  t e s t s  
i nd ica t ed  a r e l a t i v e l y  large v a r i a t i o n  i n  equi l ibr ium 
temperature w i t h  s t a t i c  pressure ,  a d d i t i o n a l  data was ob- 
t a ined  a t  Mach 0.3 through a wider range i n  pressures ,  
and it i s  f e l t  that  th i s  curve may be used as somewhat 
of a gu ide l ine  f o r  i n t e r p o l a t i n g  the r e s u l t s  a t  o t h e r  Mach 
numbers. The data included i n  F ig  10 and la ter  i n  F ig  11, 
have been assembled from two t e s t  sequences. The s o l i d  
symbols a r e  i n i t i a l  data while the open symbols a r e  data 
from the l a t e r  angle  of a t t a c k  s t u d i e s .  

In o rde r  t o  compare these  r e s u l t s  w i t h  o t h e r  
published data of e s s e n t i a l l y  the same type ( R e f s .  1, 4, 
and 5 ) ,  t h e  temperature d i f f e rences  have been r a t i o e d  t o  
the d i f f e r e n c e  between t o t a l  and s t a t i c  temperature at  
the  r e spec t ive  Mach numbers y i e ld ing  the conventional 
recovery f a c t o r ,  r, where 

The recovery f a c t o r  p l o t t e d  versus  Knudsen number i s  shown 
i n  F i g  11, w i t h  t h e  Knudsen number, K, def ined as: 

K = -  A 
D 

where A i s  the  mean f r e e  pa th ,  and D i s  a t y p i c a l  length ,  
which, i n  t h i s  s tudy,  i s  the  the rmis to r  bead diameter,  
0.25 mm (0.010 i n . ) .  
p ressed  i n  terms of t h e  Mach and Reynolds numbers ( R e f  3):  

The Knudsen number can a l s o  be ex- 

The Knudsen numbers presented i n  F i g  11 were ca l cu la t ed  
using t h i s  expression and ')I = 1.4 f o r  a i r .  

be  seen that  a change from t h e  p r a c t i c a l l y  cons tan t  r e -  
covery f a c t o r  i n  continuum flow t o  recovery f a c t o r s  g r e a t e r  
than u n i t y  i n  the region between continuum and f r e e  
molecular flow i s  ev ident  at  a l l  Mach numbers. S i m i l a r  
r e s u l t s  are shown i n  Refs 4 and 5 and are ind ica t ed  i n  
F igs .  12a and 12b. The data i n  both of these f i g u r e s  was 
from tes ts  a t  supersonic  speeds, w i t h  F ig  12a (Ref 4)  f o r  
spheres  and Fig  12b (Ref 5) f o r  t r ansve r se  cy l inde r s .  
The data obtained i n  t h i s  study a t  subsonic speeds i s  
represented i n  Figs  12a and 12b by a curve which i s  a 
f i r s t  approximation t o  the data i n  F ig  11. 

Again us ing  the M = 0.3 data as a guide, i t  can 
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The comparison shows good agreement of genera l  
t rends ,  a cons tan t  recovery f a c t o r  f o r  K < 0.1, then i n -  
c r eas ing  almost l i n e a r l y ,  on a semi-logarithmic p l o t ,  t o  
values  g r e a t e r  than u n i t y .  With t h i s  agreement of t rends  
between t h i s  newly established subsonic data and supersonic 
data, from e x i s t i n g  l i t e r a t u r e ,  and not ing  t h a t  a l l  of 
the  t e s t  data from t h i s  s tudy  f i t s  the  t r e n d  of t h e  M = 0.3 
data wi th in  the e r r o r  l i m i t s ,  i t  appears t h a t  t he  recovery 
f a c t o r  i s  p r imar i ly  a func t ion  of Knudsen number. On t h e  
o t h e r  hand, R e f .  1 shows t h a t  i n  accordance w i t h  t h e o r e t i -  
c a l  c a l c u l a t i o n s  the recovery f a c t o r  v a r i e s  w i t h  Mach nwn- 
b e r  i n  t r u e  f ree  molecular flow. Recovery f a c t o r s  o f  
about 1.5 f o r  a Mach number of 0.5 are p red ic t ed  which 
inc rease  t o  approximately 1 .6  as the  Mach number approaches 
zero.  This suggests  t h a t  a t  given Knudsen numbers of 1 .0  
and g r e a t e r ,  t h e r e  may be  a s l i g h t  i nc rease  i n  recovery 
f a c t o r  w i t h  decreasing Mach number. While these  v a r i a t i o n s  
i n  recovery f a c t o r  w i t h  Mach number may seem s i g n i f i c a n t ,  
i t  should be noted tha t  t h e s e  v a r i a t i o n s  represent  ex- 
tremely s m a l l  temperature d i f f e rences  i n  t h e  low subsonic 
flow regime, and i n  order  t o  r e t a i n  the  proper prospect ive 
from t h i s  s tandpoin t ,  a s c a l e  i s  a l s o  included i n  F ig  11 
showing the v a r i a t i o n  i n  recovery f a c t o r  for 0.loC a t  each 
of t h e  t es t  Mach numbers. T h i s  s c a l e  a l s o  furn ishes  an 
approximate gage f o r  the est imated e r r o r s ,  which a r e  
t r e a t e d  i n  g r e a t e r  d e t a i l  i n  Appendix A .  

Temperature Var i a t ion  w i t h  Angle of Attack 

The r e s u l t s  of the equi l ibr ium temperature 
measurements a t  angles  of a t t a c k  from - l o o  t o  30" are 
shown i n  Fig 13 with TT - TE as a func t ion  of angle  of 
a t t a c k .  Tes ts  were conducted a t  Mach numbers from 0 . 1  
t o  0.25 a t  constant  t o t a l  p ressures  of 0 .25 ,  O e 5 ,  and 
1 . 0  t o r r .  The t e s t s  a t  M = 0.3 were made at  0.3, 0.5, 
and 1 . 0  t o r r  due t o  f a c i l i t y  l i m i t a t i o n s .  The da ta  poin ts  
atCC = 0 were presented ear l ier  i n  terms of recovery 
f a c t o r  (F ig  11). The data i n  F ig  13, however, p resents  
t h e  measurements i n  terms of temperature d i f f e rences ,  
s i n c e  the  procedure of d iv id ing  near ly  equal  small d i f -  
fe rences  magnifies any changes. Figure 13 shows t h a t  t he  
changes i n  TE due t o  angle  of a t t a c k  a r e  gene ra l ly  s m a l l ,  
t h a t  i s ,  w i th in  the 0.1"C e r r o r .  However, t h e r e  are 
d i s c e r n i b l e  t rends  of a s l i g h t  decrease i n  TE w i t h  angle  
of attack f o r  t h e  lower Mach numbers, changing t o  a 
d i s t i n c t  i nc rease  i n  TE a t  h igher  Mach numbers f o r  
a = 20° and=  = 30". A t  t h e  present  time, t h i s  e f f e c t  
cannot be f u l l y  explained; however, one should r e c a l l  
that the nose cone was r e l a t i v e l y  l a r g e  f o r  t h e  5 i n .  
nozzle,  and although the re  was no observable changes i n  
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total or static pressure due to an angle of attack change, 
some variation in the bead flow field cannot be disre- 
garded as a possible cause. 

Response Times 

Thermistor responses to changes in temperature 
were evaluated at Mach numbers of 0.1, 0.2, and 0.3 and 
pressures of 0.3, 0.5, and 1.0 torr. The response time, 
7,  is defined as the time period required for the bead 
temperature to decrease from an initial value, TI, to a 
temperature, T, where 

1 
e 

T - TE 
- _ -  

TI - TE 
Figure 14a is a typical oscillogram of bead resistance 
change with time. Since the relationship between bead 
resistance and bead temperature is not linear, the ordi- 
nates in Fig 14a are, of course, not proportional to 
temperature. Figure 14b and Table 1 show the results of 
the response time tests versus Mach number with the total 
pressure as parameter. It is noticed that the most rapid 
responses occur at the high velocity-high pressure 
conditions. 
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APPENDIX A 

ERROR ANALYSIS 

The poss ib l e  e r r o r s  involved i n  the  f i n a l  re- 
s u l t s  can be divided i n t o  two ca t egor i e s ,  temperature 
measurement e r r o r s  including c a l i b r a t i o n  e r r o r s  , and the  
e r r o r s  i n  determining flow condi t ions .  

Er rors  i n  Temperature Measurements 

C a l i b r a t i o n  e r r o r .  - Errors i n  t h e  c a l i b r a t i o n  
can a r i s e  from two general  sources,  f i r s t  e r r o r s  i n  
r e s i s t a n c e  measurements, and second, e r r o r s  i n  reference 
temperature measurement. 

Resis tance measurements : The bead r e s i s t a n c e  
was obtained by measuring t h e  vol tage  ac ross  t h e  bead 
wi th  a known cu r ren t  passing through t h e  bead. T h i s  bead 
cu r ren t  w a s  se t  by a d j u s t i n g  the measured vol tage drop 
ac ross  a r e s i s t o r  of 19,810 ohms + 10 ohms, measured w i t h  
a p r e c i s i o n  Wheatstone br idge .  
was commercially c a l i b r a t e d  before  t e s t i n g  began, and 
c e r t i f i e d  t ha t  t h e  c a l i b r a t i o n  was t r aceab le  t o  the  
Nat ional  Bureau of Standards and t h a t  t h e  instrument was 
wi th in  manufacturer ' s  s p e c i f i c a t i o n s  of + 50 microvol ts  
o r  0.1% of inpu t  whichever i s  g r e a t e r ,  for measurements 
i n  t h e  present  range of i n t e r e s t .  Thus the t o t a l  e r r o r  
i n  r e s i s t a n c e  measurement i s  0.25%, w i t h  0.05% e r r o r  f rom 
the p r e c i s i o n  r e s i s t o r  and 0.20% e r r o r  from t h e  two v o l t -  
age measurements necessary.  Assuming a nominal bead re -  
s i s t a n c e  of 10,000 ohms gives  an  e r ror  of  + 25 ohms or, 
us ing  the s lope  of t h e  c a l i b r a t i o n  curve i?i Fig  4, 

TEe d i f f e r e n t i a l  voltmeter 

- + 0.07~~. 
Reference temperature e r r o r :  Error i n  t h e  re- 

fe rence  temperature measurement cannot be determined as 
p r e c i s e l y  as e r r o r  i n  the r e s i s t a n c e  measurement. The 
mercury-in-glass thermometer w a s  ru led  i n  i n t e r v a l s  of 
0.2'F and could be read t o  wi th in  O.O5'F (O.03"C) q u i t e  
r e a d i l y .  A s  mentioned previously,  t h e  ind ica t ed  tempera- 
t u r e  of a mixture of crushed i c e  and water  w a s  checked 
and w a s  32.0OoF, but  no o the r  accuracy information was 
obtained.  Assuming tha t  t h e  thermometer inaccuracy i s  
less than  t h e  reading e r r o r  would r e s u l t  i n  an o v e r - a l l  
c a l i b r a t i o n  e r r o r ,  from r e s i s t a n c e  and temperature measure- 
ment, of about + 0.1OC. T h i s  r e s u l t  appears cons i s t en t  
w i t h  agreement Cbtained i n  F ig  4; t h e  equation used t o  c a l c u l a t e  
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resistance values should be accurate to better than + 0.1OC 
through the limited range, and the manufacturer's caTi- 
bration points are supposedly more accurate, except for 
what is apparently an inadvertent mistake on one of the 
thermistor beads. On this basis, the calculated resistance 
and temperature relationships were used as calibration 
curves, except in one case where one bead was calibrated 
against another, and the over-all error in temperature 
measurement is felt to be less than + 0.1OC. - 

Equilibrium and total temperature errors. - From 
the discussion above, the reasonable error in a single 
temperature was found to be less than 0.1OC. Using this, 
the error in the difference between two measured tempera- 
tures could be 0 . 2 O C .  However, the spread of the data 
presented is considerably less than 0.2OC, in fact, it 
is generally less than 0.1"C. Thus the error of + 0.2OC 
appears to be an indication of the maximum possibie ran- 
dome error, while a more realistic estimate of actual 
errors in temperature differences would be - + 0.1OC. 

Errors in Flow Condition Measurement 

Two quantities were measured to determine the 
flow conditions, total pressure and the difference between 
total and static pressure. The errors in these quantities 
are obtained from instrument errors, and the corresponding 
errors in Knudsen number can be calculated. 

Total pressure was measured with a Stokes port- 
able McLeod gage, while, again, no accuracy information 
was contained in the specifications, the gage was kept 
at a pressure of 10-3 torr when not in use and agreed 
with other vacuum gages available. From these checks, 
the reading error of the McLeod gage of + 0.01 torr for 
the range of test pressures seems to be The best estimate 
of error. 

The error in the MKS Baratron instrument used 
for measuring the difference between total and static pres-  
sures, 
specifications. 

E r r o r s  in Mach and Reynolds numbers caused by 
errors in pressure measurement have been found in Ref 6 
to be 

AP, was 2 x lOAtorr, from the manufacturer's 



excluding any e r r o r  due t o  temperature measurement or 
t y p i c a l  l eng th .  From t h i s  it i s  obvious t h a t  the l a r g e s t  
e r r o r s  occur a t  the  lowest pressure  and lowest Mach nwn- 
ber, bu t  because t h e  very s l i g h t  changes i n  Ts/TT a t  t he  
low Mach numbers, t h e  h ighes t  e r r o r s  i n  TT - TS w i l l  
occur a t  t h e  h ighes t  Mach number and lowest pressures .  
On t h i s  basis then, t h e  following table was constructed 
us ing  the  instrument e r r o r s  and the  above equat ions.  

& M P S ( t o r r )  AP & & &  M Re s M  ATS K 

0 . 1  0.25 0 a 0018 0~08 - +0.008 - +o.o8Oc - +0.16 
0.3 0.30 0.0181 0.02 - +0.006 +0.20°c - - +0.04 

The term ATs represents  t h e  change i n  s t a t i c  temperature 
due t o  t h e  change i n  Mach number, SM9 assuming a con- 
s t a n t  t o t a l  temperature.  Combining a l l  p o s s i b l e  e r r o r s  
i n t o  one o v e r - a l l  e r r o r  i n  recovery f a c t o r s  y i e l d  a 
maximum poss ib l e  e r r o r  i n  excess of 150 p e r  cent ,  which 
i s  obviously due t o  the  form of the  recovery f a c t o r  
d e f i n i t i o n  involving the d i v i s i o n  of two s m a l l  d i f f e r e n c e s .  
However, t h e  a c t u a l  spread of temperature da ta  shown i n  
F ig  10 i n d i c a t e s  that o v e r - a l l  accuracies  of presented 
r e s u l t s  a r e  considerably b e t t e r  than the  es t imates  of 
maximum poss ib l e  e r ror  p r e d i c t .  

Since the Knudsen number i s  a func t ion  of M/Re, 
t he  e r r o r  i n  Knudsen number, 
t a b l e  i s  expressed as 

s K / K ,  shown i n  t h e  above 

The 4 p e r  cen t  e r r o r  a t  h igher  Mach numbers would have 
l i t t l e  e f f e c t  on t h e  r e s u l t s ;  t he  16 per  cent e r r o r  a t  
low Mach numbers and pressures  i s  high, b u t  nea r ly  un- 
avoidable  consider ing t h e  na ture  of t he  measurements. 

E r r o r  Summary 

The d iscuss ion  above provides an  es t imate  of 
t h e  maximum p o s s i b l e  e r r o r  i n  temperature and flow 
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measurement, bu t  w i t h  no cons ide ra t ion  for t e s t  technique, 
experimental  procedure and s t a t i s t i c a l  eva lua t ion .  There- 
f o r e ,  while t h e  ca l cu la t ed  p o s s i b l e  e r r o r s  above are 
gene ra l ly  not  excessive,  p a r t i c u l a r l y  i n  view of the 
q u a n t i t i e s  measured, i t  i s  f e l t  that  the  a c t u a l  e r r o r s  
incorporated i n  the  presented r e s u l t s  are much smaller 
than  the maximum values  p red ic t ed  above. This s ta tement  
appears to be w e l l  supported cons ider ing  t 
poin t  agreement of t h e  data and t h e i r  agreement w i t h  data 
i n  o t h e r  pub l i ca t ions .  



APPENDIX B 

W I N D  TUNNEL DATA AND THERMISTOR CONSTANTS 

This section includes all of the wind tunnel 
data for the equilibrium temperature tests and the angle 
of attack studies (Table 2, p .  32). 

to define the resistance-temperature relationship, 

R =  e A + C + T  
in the testing are given below: 

The constants for the thermistor equation, used 

B 
, (T in "C) f o r  the two thermistors used . 

Thermistor N o .  44-17' (P,) 
A = -4.46379 

Themistor No. 4955 ( R T )  

A = -4.40326 

B = 4856.5434 

C = 330.7641 
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Fig 8 Angle of Attack Positioning Mechanism 

Fig 9 Removable Heaters in Heating Position 
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FIGURE 12a RECOVERY FACTOR VS m/M FOR SPHERES IN SUPERSONIC 
FLOW (TAKEN FROM REF 4) 
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